t e C h n I C a l r e p O r t S The usefulness of genetically encoded probes for optical monitoring of neuronal activity and brain circuits would be greatly advanced by the generation of multiple indicators with non-overlapping color spectra. Most existing indicators are derived from or spectrally convergent on GFP. We generated a bright, red, pH-sensitive fluorescent protein, pHTomato, that can be used in parallel with green probes to monitor neuronal activity. SypHTomato, made by fusing pHTomato to the vesicular membrane protein synaptophysin, reported activity-dependent exocytosis as efficiently as green reporters. When expressed with the GFP-based indicator GCaMP3 in the same neuron, sypHTomato enabled concomitant imaging of transmitter release and presynaptic Ca 2+ transients at single nerve terminals. Expressing sypHTomato and GCaMP3 in separate cells enabled the simultaneous determination of presynaptic vesicular turnover and postsynaptic sub-and supra-threshold responses from a connected pair of neurons. With these new tools, we observed a close size matching between pre-and postsynaptic compartments, as well as interesting target cell-dependent regulation of presynaptic vesicle pools. Lastly, by coupling expression of pHTomato-and GFP-based probes with distinct variants of channelrhodopsin, we provided proof-of-principle for an all-optical approach to multiplex control and tracking of distinct circuit pathways.
Genetically encoded indicators have greatly advanced our ability to understand the complex physiology of neurons by allowing non invasive monitoring of a variety of activityregulated signals, including membrane potential 1,2 , Ca 2+ (refs. 3,4) , Cl − (ref. 5 ) and transmitter release 6, 7 . Regrettably, most existing optical probes, which are based on GFP or on fluorescence resonance energy transfer (FRET) between a pair of fluorescent proteins, have a large degree of spectral over lap that precludes them from being used in a multiplex fashion. The development of indicators that can be used in combination with GFP based indicators would allow, for example, simultaneous imaging of multiple classes of neurons to understand information processing, or of pre and postsynaptic activity to isolate the locus of different types of synaptic plasticity. In addition, recent breakthroughs with opto genetic agents such as channelrhodopsin2 and halorhodopsin provide powerful ways to start or stop neuronal firing [8] [9] [10] . Combining these optical tools for controlling circuit function with new optical indica tors of activity would greatly enhance our ability to explore the natural behavior of neurons and synapses. Pioneering work has harnessed a pHsensitive variant of GFP, pHluorin, fused to a vesicle protein, VAMP2, to probe the turnover of synaptic vesicles 6 . When a vesicle undergoes exocytosis, the pH of the vesicle lumen changes from 5.5 to 7.4, causing pHluorinbased probes exposed to the vesicle lumen to increase their fluorescence, thereby reporting presynaptic vesicle turnover. Color variants of pHluorin would complement the many GFPbased probes and allow dualchannel acquisition of images. A prime candidate, the mOrange mutant M163K, has a suitable pK a of 7.5 (ref. 11) but displays undesirable photoswitching behavior 12 and correspondingly poor performance in imaging transmitter release. Other color variants of fluorescent proteins, including mKate, are spectrally distinct from GFP but sometimes display photoswitch ing behavior 12 , and they have a pK a of 6.0 (ref. 13) , not optimal for detection of vesicle exocytosis 14 . Accordingly, we set out to develop a pHsensitive indicator protein, spectrally distinct from GFP, with a pK a specifically tuned to report vesicle exocytosis.
RESULTS
Starting with the monomeric red fluorescent proteins mRFP and mStrawberry 15, 16 , we performed DNA shuffling and semirandom mutagenesis (see Online Methods). Through three rounds of evolu tion, we identified a bright, pHsensitive mutant ( Fig. 1) , termed pHTomato because its excitation (550 nm) and emission (580 nm) peaks are similar to those of Tomato variants from the mFruit series 16 . pHTomato contains six amino acid differences from mStrawberry (F41T, F83L, S182K, I194K, V195T and G196D). Notably, pHTomato contains a critical threonine at position 66 and is thus reminiscent of mRFPQ66T 17 .
Cuvette measurements of recombinant pHTomato ( Fig. 1a and Supplementary Fig. 1b ) demonstrated that it was highly pH sensi tive, with a pK a close to 7.8 (Fig. 1b,c) . Notably, although the emission intensity of pHTomato showed strong pH dependence, its excitation and emission waveforms were pH independent ( Fig. 1b) . Such spec tral stability is critical for straightforward multiplexing of pHTomato with genetically encoded indicators of other colors.
We fused pHTomato to the luminal domain of VAMP2 and charac terized its properties in mammalian cells. When expressed in human t e C h n I C a l r e p O r t S embryonic kidney (HEK) cells, the VAMP2pHTomato fusion showed a pH dependence that was identical to that of recombinant pHTomato alone ( Fig. 1c) , indicating that fusion to VAMP2 did not perturb the pH sensitivity of pHTomato. In addition, when expressed in primary cultures of rat hippocampal neurons, VAMP2pHTomato showed reversible fluorescence increases in response to field stimula tion ( Fig. 1d) , demonstrating the capability of VAMP2pHTomato to report synaptic vesicle exo and endocytosis.
Knowing that synaptophysin displays less background expression on the plasma membrane than VAMP2 (refs. 18,19) , we used synap tophysin as the basis for an improved reporter of vesicular turnover, sypHTomato. We inserted the pHTomato sequence into the middle of the open reading frame, directing the pHTomato moiety toward the vesicular lumen. To confirm that overexpression of sypHTomato does not alter vesicle turnover, we used activitydependent FM sty ryl dye uptake and destaining as an independent assay of endo and exocytosis. Dye uptake in sypHTomatopositive nerve terminals and untransfected controls were statistically indistinguishable (P > 0.1; Supplementary Fig. 2) . Moreover, we observed a nearperfect overlap of the destaining trajectories for sypHTomatotransfected cells rela tive to control cells upon further stimulation to release the FM dye ( Supplementary Fig. 2) . Thus, sypHTomato overexpression does not produce deleterious effects on vesicular dynamics.
We subsequently expressed sypHTomato with synaptophysin pHluorin (sypH) for a direct comparison of their performance in the same hippocampal neurons ( Fig. 1e ). Despite the slightly higher pK a of pHTomato (7.8) relative to that of pHluorin (~7.3; refs. 6,14), sypHTomato and sypH performed nearly equally well in reporting syn aptic vesicle fusion, consistent with theoretical considerations 14 . The peak height of the fluorescence signal from sypHTomato correlated well with that of sypH over a wide range of activity ( Fig. 1f) . We performed NH 4 Cl dequenching experiments 14 and estimated the surface fraction of sypHTomato at rest to be 8.1 ± 1.2% (n = 207 synapses, four experi ments), similar to that of sypH reported previously (7.5 ± 1.1% (ref. 18), 9.1 ± 0.6% (ref. 19) ). Finally, the signaltonoise ratio was similar for the two probes, and each was able to detect exocytosis elicited by as few as five stimuli. Therefore, sypHTomato is a robust, genetically encoded indicator with capabilities matching those of existing probes.
Imaging vesicular turnover and Ca 2+ in same synapses
The twocolor capability provides an immediate advantage in clarify ing the intricate relationship between vesicle fusion and presynaptic calcium signaling. Both processes can be imaged concurrently in single nerve terminals by using sypHTomato along with green calcium indicators such as GCaMP3 (refs. 20, 21) . In cultured hippocampal neurons transfected with sypHTomato and GCaMP3, sypHTomato was found to be highly enriched in presynaptic boutons, whereas GCaMP3 was distributed more diffusely ( Supplementary Fig. 1c ). In response to depolarizing field stimulation (10 Hz, 10 s), we observed transient increases in both GCaMP3 and sypHTomato fluorescence ( Fig. 2a) . We quantified the responses from a single neuron ( Fig. 2a ) with respect to both time ( Fig. 2b) and location ( Supplementary  Fig. 1d ). Further analysis revealed that the sypHTomato and GCaMP3 responses showed distinct temporal patterns in various neuronal com partments: presynaptic puncta ( Fig. 2a) , interbouton regions ( Fig. 2a ) and somata ( Supplementary Fig. 1d ). Presynaptic boutons were defined by subsequent NH 4 Cl challenge, which imposed an influx of NH 3 to neutralize intracellular compartments 22 (see Online Methods). Whereas we observed GCaMP3 responses in both presynaptic termi nals and interbouton regions ( Fig. 2a) , the sypHTomato response was confined to the presynaptic puncta ( Fig. 2a) . However, the GCaMP3 response at the time of stimulation was considerably enhanced in the vicinity of sypHTomato responses (P < 0.01, bouton versus interbou ton; Fig. 2b ), as also seen in plots of fluorescent intensity along the length of an axon (Supplementary Fig. 1d ). The close spatial overlap of the two signals is consistent with the well documented enrich ment of voltagegated calcium channels in synaptic boutons. Lateral spread of Ca 2+ from the synaptic regions to the interbouton regions was presumably attenuated by sequestration and extrusion.
This dualcolor optical imaging approach allows calcium levels and presynaptic release to be compared directly at the same synapses. We progressively varied the number of stimuli (5 to 60 stimuli, 20 Hz) and simultaneously monitored presynaptic GCAMP3 (GCaMP3 pre ) and sypHTomato signals ( Fig. 2c) . When these signals were scaled to allow comparison of their kinetics, the decay phase of the sypHTomato signal significantly outlasted the transient GCaMP3 pre , declining ~10 times more slowly (Fig. 2d) . The decay kinetics of sypHTomato npg t e C h n I C a l r e p O r t S signals arising from 5 stimuli were very similar to those arising from 40 ( Supplementary Fig. 1e ). Evidently, the ensemble rate of endocytosis was not appreciably altered by moderate increases in neuronal activity under our conditions. To determine how the amount of exocytosis per action potential varies with activity, we plotted the peak amplitude of sypHTomato signal as a function of the number of stimuli ( Fig. 2e) . The amplitude increased linearly up to 40 stimuli, corresponding to a nearly constant amount of vesicular turnover per action potential, 0.16 ± 0.06% per action potential at 20 Hz. From the vantage point of neural signaling, this provides a compact description of how a number of action potentials can be encoded as the extent of exocytosis.
We went on to test whether larger synapses are particularly enriched in a specific channel type, using specific toxins to dissect the contribu tions of various voltagegated Ca 2+ channel types. The average con tributions of the channels were notably consistent among synapses of different size within the same axonal tree studies (see Supplementary  Figs. 3 and 4) . We found no evidence for a bimodal distribution of channel types in which some synapses completely lacked P/Q or Ntype channels. It is conceivable that previous studies in similar hippocampal culture systems 23, 24 may have included contributions from inhibitory nerve terminals, now known to rely on either P/Q or Ntype channels to the exclusion of the other.
Imaging chemical transmission from connected neurons
SypHTomato enabled us to visualize synaptic transmission from a presynaptic terminal onto a postsynaptic cell in a wholly optical sys tem. Traditional approaches have often been limited to either pre or postsynaptic optical measurements, or they have used electrophysiol ogy, which lacks some advantages of genetically encoded indicators. We expressed sypHTomato and GCaMP3 in separate hippocampal neurons (see Online Methods) and looked for synaptic contacts npg t e C h n I C a l r e p O r t S between sypHTomatopositive terminals and GCaMP3positive den drites (Fig. 3a) . Putative contact sites (Fig. 3b) displayed characteristic morphology, with prominent presynaptic varicosities (red) lying in close proximity to GCaMP3positive postsynaptic structures (green).
In functional recordings that capitalized on the sensitivity of the opti cal probes, we found that most of the putative contacts were bona fide active synapses (postsynaptic Ca 2+ rises detected in 51 out of 63 puta tive synapses in 11 neurons). Closer examination of individual synapses revealed that most of the presynaptic boutons innervated spinelike postsynaptic structures (Fig. 3a,b) . The fraction of nerve terminals that targeted spines increased with synapse maturation ( Supplementary  Fig. 5c ), as expected for hippocampal excitatory synapses. We functionally characterized individual synaptic contacts with a combination of electrical stimulation and pharmacological intervention. Electrical stimulation of presynaptic somata sufficient to drive the turn over of the readily releasable pool of vesicles (40 stimuli at 20 Hz; ref. 25) was followed by a pulse of NH 4 Cl, to transiently deacidify the entire synaptic vesicle compartment (Fig. 3c, top) . The resulting sypHTomato fluorescence signal increase provided a rough indication of the total number of presynaptic vesicles. Similarly, we monitored the postsyn aptic response to the same burst of exocytosis and then monitored the increase of GCaMP3 signal in the presence of ionomycin (Fig. 3c,  bottom) , a selective calcium ionophore that raises Ca 2+ uniformly throughout the cell. The amplitude of the ionomycin response served as a proxy for postsynaptic spine volume.
We next sought to determine whether cor relations exist between pre and postsynaptic compartments. Plotting the presynaptic sypHTomato signal against the correspond ing postsynaptic GCaMP3 signal at individual synapses revealed a high degree of 'size matching' 26, 27 between presynaptic compartment and postsynaptic target (Fig. 3d, correlation 
Do presynaptic neurons act in a cellautonomous manner to dis tribute their synaptic vesicles between different target cells, or is this allocation also dependent on the target? Taking advantage of the dual color photometry approach, we divided presynaptic terminals arising from a sypHTomatolabeled neuron into those that targeted a particular postsynaptic neuron and those that did not. We quantified of the stand ard deviation (s.d.) of sizes of total vesicle pools (probed by NH 4 Cl) and readily releasable pools (probed by 40 stimuli, 20 Hz). Presynaptic boutons sharing the same postsynaptic neuron were more consistent in s.d. than other presynaptic terminals from the same axon. Notably, we found that presynaptic boutons sharing the same postsynaptic target neuron had similar vesicular abundance (n = 43 synapses, 7 neurons), with a relatively small scatter in their NH 4 Clevoked vesicular signal (relative s.d. = 0.4 ± 0.1, P < 0.05, t test), compared to nerve terminals targeting an assortment of postsynaptic neurons (relative s.d. = 1 ± 0.2, n = 141 synapses). The vesicles in the readily releasable pool also npg t e C h n I C a l r e p O r t S showed a similar trend (relative s.d. = 0.6 ± 0.2, P < 0.05). In compari son, the fraction of readily releasable pool per total vesicle pool (0.27 ± 0.15 and 0.25 ± 0.11), expressed as ratio of the peak responses to 40 stimuli (20 Hz) and to NH 4 Cl, did not differ according to targets (P > 0.1, t test). Because all the labeled nerve terminals arose from the same presynaptic neuron, the more precise allocation of synaptic vesicles at synapses sharing the same target neuron relative to that at those with different target neurons implicates extrinsic signaling, possibly involv ing retrograde communication from the postsynaptic cell itself 28 . We next combined singlecell electrical stimulation with dual color imaging to interrogate synaptic transmission directly (Fig. 4a) . Stimulation with 40 pulses at 20 Hz near the soma of the presynaptic neuron resulted in a robust increase in fluorescence from sypHTomato terminals (Fig. 4b) , consistent with the high reliability of action potential propagation. The postsynaptic glutamate receptors were in turn activated, leading to a nearly concurrent increase of the GCaMP3 signal in the postsynaptic dendrite. This was seen immediately adja cent to the presynaptic terminals and also throughout the dendrite (Fig. 4b,c) . We interpreted this global dendritic calcium increase as an outcome of postsynaptic firing and opening of voltagegated calcium channels throughout the neuron. To test this interpretation, we applied NBQX, a selective AMPA receptor antagonist, to reduce postsynaptic receptor activation and thus lower the drive for post synaptic spikes. Indeed, NBQX confined the postsynaptic response, restricting it to the dendritic region just postsynaptic to the active terminal, with no calcium signal detected in a nearby postsynaptic region (Fig. 4b,c) . We confirmed that this isolated calcium response was a result of NMDA receptor activation by verifying that APV, a selective NMDA receptor antagonist, completely abolished all post synaptic responses (Fig. 4b,c) . Thus, the alloptical approach was capable of achieving singlesynapse resolution robustly, as confirmed in several pairs of excitatory neurons (Fig. 4d) .
Finally, with these color variants of activity probes in hand, we explored the possibility of using a multiplex optical strategy for both direct control and readout of neuronal activity. Such a combination of optical approaches is to our knowledge unprecedented, but it would be very powerful for noninvasive studies of synapsespecific regula tion in neural circuits. This strategy is illustrated here by combining color variants of channelrhodopsin with probes of exocytosis with dis tinct spectral properties (Fig. 5a) . Using a bicistronic T2A expression system 9 to drive expression of genetically encoded agents (Fig. 5a,  right) , we introduced channelrhodopsin2 (ChR2) and vGluTpH, a pHluorintagged vesicular glutamate transporter that specifically labels glutamatecontaining vesicles 29 , into the same cultured hippo campal neurons. The ChR2 and vGluTpH were both robustly expressed using the T2A linkage and correctly targeted to plasma membrane and synaptic vesicles, respectively. For proof of principle, we used a single beam of blue light (436-450 nm) to activate ChR2 and to interrogate vGluTpH (Fig. 5b) ; distinct wavelengths could be used for activa tion and interrogation under other circumstances ( Supplementary  Fig. 6b ). The vGluTpH responded to exocytosis in excitatory neurons elicited by electrical field stimulation (40 Hz, 2 s; Fig. 5c, left) . In the same cells, raising the frequency of blue light illumination (increasing from 0.3 Hz to 5 Hz for 20 s) caused a marked increase in vGluTpH signal, indicating enhanced vesicle turnover (Fig. 5c, center) . The lightdriven response was blocked by bath application of tetrodotoxin (TTX; Fig. 5c, right) , demonstrating the requirement for action potentials (and subsequent opening of voltagegated Ca 2+ channels) to trigger vesicle fusion. In a similar experiment, the spectral align ment of VChR1 (ref. 9) and vesicularly targeted sypHTomato allowed npg t e C h n I C a l r e p O r t S us to use a beam of green light (546-566 nm; Fig. 5b ) to activate both VChR1 and sypHTomato (Fig. 5d) . Once again, the synaptic moni tor reported a lightdriven, action potential-dependent increase in vesicular turnover. To assess the potential crosstalk between these two systems, we investigated the more difficult condition in which blue light might bleed through to activate VChR1, whose activation spectrum tails off incompletely in the blue (Fig. 5b) . Delivering blue light to neurons transfected with VChR1T2AsypHTomato (Fig. 5e , left) did not evoke a detectable response even at double the light inten sity (Fig. 5e, center) . As a positive control, the same cells responded robustly to elevating the frequency of green light pulses (Fig. 5e,  right) . These data establish proof of principle for the application of T2Alinked expression of molecular tools in the control and readout of neural activity. The availability of spectrally distinct variants for both stimulation and recording enables an alloptical strategy for par allel use in distinct neuronal populations.
DISCUSSION
We have generated a bright, red, pHsensitive, genetically encoded probe termed pHTomato and constructed indicators based on this probe that enable imaging of neurotransmitter release. The new molecules were designed to overcome several technical obstacles that hamper the ability of existing techniques to elucidate the mechanisms of presynaptic regulation. For example, conventional postsynaptic electrical recordings, though sensitive, can be complicated by pas sive cable filtering, postsynaptic receptor trafficking, saturation or desensitization. FM dye imaging is capable of directly assaying pre synaptic function, but dye uptake generally occurs at all functional synapses, hampering experiments that require celltype specificity. SynaptopHluorin directly monitors presynaptic activity and, being genetically encoded, provides neuronal specificity. However, it flu oresces in the green and thus has spectral properties that overlap those of many common probes. New indicators are clearly desirable to complement the strengths of existing probes for important signaling agents such as Ca 2+ , cyclic AMP, inositol trisphosphates, nitric oxide, and activated kinases and phosphatases. Our design strategy was to screen new molecules based on bright and monomeric red fluorescent proteins that were already avail able. We generated a variant library by combining DNA shuffling of mStrawberry and mRFP with random errorprone PCR throughout the molecule and screened bright mutants for optimal pH sensitivity. The newly generated indicator, pHTomato, is spectrally well separated from GFPbased probes (excitation and emission peaks at 550 nm and 580 nm, respectively) and is as bright as enhanced GFP (EGFP) at neutral pH. Finally, its excitation spectrum is highly pH sensitive in the appropriate pH range (pK a 7.8). Accordingly, pHTomato is dim in quiescent vesicles (pH 5.5) but much brighter when the vesicle interior equilibrates with the extracellular medium (pH 7.4).
mOrange2 recently has been applied to image vesicular turnover concurrently with calcium 20 or pHluorin probes 30 , although its pK a (6.5) could be further optimized to improve signaltonoise ratio. Other pHsensitive probes such as mNectarine 31 and pHRed 32 were recently identified, albeit without the explicit motivation of tracking synaptic transmission. mNectarine is less bright than pHTomato, and pHRed undergoes a pHdependent change spectral shape that could be disadvantageous for concomitant use with other probes though useful for ratiometric imaging. In contrast, sypHTomato, derived from pHTomato, operates on the same principle as synaptopHluorin 6 , and displays comparable performance in culture (Fig. 1) . If anything, sypHTomato would be better suited than green probes for imaging in brain tissue, where light scattering falls off at longer wavelengths.
Having a red pHsensitive probe enabled us to perform dual color imaging with another functional indicator to study neural communi cations in a multiplex fashion. We have demonstrated this potential use in two ways. First, we were able to image sypHTomato together with GCaMP3 in the same cellular region. We were able to visualize activitydependent calcium signals and the corresponding vesicu lar turnover with singlesynapse resolution. This spatial resolution allowed us to study how different populations of voltagegated Ca 2+ channels scale according to the presynaptic size. We found that the deployment of P/Q and Ntype channels was notably consistent at glutamatergic synapses, despite large size variations between indi vidual presynaptic terminals.
Second, we were able to mark the presynaptic neuron with sypHTomato and read out postsynaptic calcium response reported by GCaMP3. This configuration enabled genetically encoded, the first, to our knowledge, alloptical visualization of chemical presynaptic to postsynaptic transmission at single synapses. We observed a close size matching between pre and postsynaptic boutons at the single synapse level, consistent with electron microscopy reconstruction studies from slice tissues 27 . Of note, we also found that presynaptic terminals tended to have similar presynaptic masses (for example, readily releasable pool or total vesicle pool) if they happened to share the same postsynaptic target. It has been suggested that extrinsic fac tors such as retrograde signals from postsynaptic neurons 33 , local dendritic excitability 28 or signals from glial cells 34 might regulate the presynaptic release probability. Our results point to new possibilities: presynaptic readily releasable pools or total vesicular pools might also be concurrently regulated. Finally, our ability to visualize pre and postsynaptic responses under subthreshold or suprathreshold condi tions opens doors to perform studies to decipher the locus of pre or postsynaptic regulation of synaptic strength in slice or in vivo.
Perhaps the widest application of dualcolor synaptic photometry will involve probing multiple pathways in neural circuits. Here, we have taken a critical first step: combining optogenetic photostimula tion with optical monitoring. Our strategy satisfies two important requirements: (i) using a specific light stimulus to drive neuronal firing with channelrhodopsin and to query an optical reporter of neurotransmission and (ii) using a second, distinct optical stimulus to achieve firing and readout of a second pathway without crosstalk with the first. In practical terms, we achieved this by using blue light to trigger spiking with ChR2 and to monitor synaptic activity with GFP based reporters, and green light to drive VChR1 and pHTomato based probes in parallel fashion. In principle, this approach can be extended to photoexcitation and monitoring of different classes of neuron in situ. Our sypHTomatobased multiplex system could readily be extended to twophoton imaging for inslice or in vivo studies 35 . Because twophoton excitation is generally ineffective in activating channelrhodopsins 36 , photostimulation and optical readout could conceivably be controlled independently; for example, using ChR2 in conjunction with sypHTomato ( Supplementary Fig. 6b) . The availability of a red, pHsensitive synaptic probe provides a key component of more flexible and robust optical platforms for dissect ing neural circuits in situ.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. GenBank: pHTomato, JQ966306.
Note: Supplementary information is available in the online version of the paper. 
